The biosynthesis of inositol requires only two enzymes, inositol-l-phosphate synthase (encoded by lN01) and an inositol monophosphatase, but the regulation of inositol biosynthesis is under multiple controls and is exquisitely regulated. In the budding yeast Saccharomyces cerevisiae, mutations in any of 26 different genes lead to inositol auxotrophy. The fission yeast Schizosaccharomyces pombe, however, is a natural inositol auxotroph. An investigation has been initiated to examine the possible reasons that might have led to inositol auxotrophy in Sch. pombe. Complementation with a genomic library of an inositol prototrophic yeast indicated that a Pichia pastoris IN01 gene alone could confer inositol prototrophy to Sch. pombe and that the gene was absent in Sch. pombe. T o investigate possible reasons for the loss of IN01 gene in Sch. pombe, an attempt was made to disrupt inositol homeostasis in Sch. pombe by overproduction of intracellular inositol, but this did not lead to any discernible adverse effects. The sources of inositol in the natural environment of Sch. pombe were also examined. As the natural environment of Sch. pombe contains significant amounts of phytic acid (inositol hexaphosphate), an investigation was carried out and it was discovered that Sch. pombe can utilize phytic acid as a source of inositol under very specific conditions.
INTRODUCTION
Inositol is essential for the growth of all eukaryotic cells. It is a precursor of phosphatidylinositol (PI), a major membrane phospholipid, and also a precursor in the synthesis of sphingolipids and glycosylphosphatidylinositol (Steiner & Lester, 1972) . Phosphorylated metabolites of inositol play an important role in the signal transduction pathway (reviewed by Majerus et al., 1986) . The biosynthesis of inositol involves the conversion of glucose 6-phosphate to inositol l-phosphate through a set of complex reactions involving a coupled oxidation/ reduction, stearic rearrangement and cyclization (Eisenberg et al., 1964) and is carried out by a single enzyme, inositol-l-phosphate synthase (Donahue & Henry, 1981) . The structural gene for this enzyme is ZNOl and Abbreviations: EMM, Edinburgh Minimal Medium; PI, phosphatidylinositol.
The GenBank accession number for the sequence reported in this paper is AF078915. it has been isolated from yeasts (Klig & Henry, 1984; Klig et al., 1991) , protozoa, plants and mammals (Majumdar et al., 1997) . In the second reaction, inositol monophosphatase dephosphorylates inositol l-phosphate to give free inositol (Murray & Greenberg, 1997) . Although most eukaryotic organisms have the capacity to synthesize their own inositol, a few are naturally auxotrophic for inositol. Saccharomyces carlsbergensis, Kloekera apiculata and Schizosaccharomyces spp. show an absolute requirement for inositol (Ridgway & Douglas, 1958; McVeigh & Bracken, 1955) .
A genetic investigation into inositol biosynthesis in
Saccharomyces cerevisiae has revealed a complex pathway controlling inositol biosynthesis (reviewed by Greenberg & Lopes, 1996) . Apart from mutations in ZNOl (Dean-Johnson & Henry, 1989) , mutations in several other loci also lead to inositol auxotrophy (Table  1) . Mutations in several other genes, however, lead to inositol overproduction and an inositol excretion phenotype (reviewed by Greenberg & Lopes, 1996) . The involvement of such a large number of genes indicates that inositol biosynthesis is a highly regulated process. (Fernandez et af., 1986) . In these cells, inositol is taken up from the growth medium via inositol transporters (Niderberger et af., 1998 (Fernandez et al., 1986) . In addition, the turnover products of PI were shown to be inositol in Sch. pombe (rather than glycerophosphoinositol) and can be reutilized in Sch. pombe (Angus & Lester, 1975; Fernandez et af., 1986 Edinburgh Minimal Medium (EMM) was prepared as described by Alfa et al., (1992) except that sodium glutamate (0.5%) was used as a nitrogen source and supplements were used for defined medium growth. EMM -Ino was identical to EMM except that vitamin stock was prepared by omitting inositol. E M M is deficient in thiamine, therefore E M M + thiamine was prepared by adding 0.5 pM thiamine to EMM. EMM-Arg was EMM without arginine. E M M (high phosphate) was the regular E M M containing 12-64 m M Na,HPO,.
To make EMM (low phosphate), the concentration of Na,HPO, was reduced from 12.64 to 0.1 m M (Dhamajia et al., 1987) . T o prepare low and high p H minimal media, EMM was supplemented with 100 m M MES (as buffering agent) and the pH was adjusted with HCI or NaOH. Plates were prepared by adding 2 '/o agar. Filter-sterilized phytic acid was added where indicated to a final concentration of 0.5 mM. LiCI-and NaCIcontaining plates were prepared by adding different concentrations of LiCl and NaCl to EMM. Sac. cerevisiae was grown in YPD and SD, as well as in YES and E M M in which it grew well.
Plasmid constructions. The different subclones that were constructed for complementation analysis and sequencing purposes were constructed in Sch. pombe shuttle vectors pSPl and pSP2 (Cottarel et al., 1993) . Plasmid pSPIN6 was constructed by cloning a 3-3 kb BamHI fragment of the Pichia pastoris I N 0 1 gene into the BamHI site of pSP2 (Cottarel et al., 1993) . Plasmid pSPIN6 was digested with SalI and religated to obtain plasmid pSPIN7 (i.e. a 2-2 kb BamHI-Sal I fragment in pSP2). pSPIN14 was obtained by cloning a 3. vector paR33d (arg3' as selection marker) (Waddell & Jenkins, 1995) . All plasmids were maintained in Escherichia coli DH5a. E. coli cells were cultured in LB medium at 37 "C and 100 pg ampicillin ml-' was added for selection of plasmids.
Transformation of Sch. pornbe. Sch. pornbe transformations were carried out by the lithium acetate method as described previously (Chaudhuri et al., 1997) .
Isolation of genomic DNA and plasmid DNA from yeast.
Pla.smid DNA and genomic DNA were isolated from Sch. pornbe by the glass bead lysis method as described for Sac. cerevisiae (Kaiser et a/., 1994) .
Recombinant DNA methods. Plasmid DNA isolation and DNA manipulation were carried out according to standard procedures (Sambrook et al., 1989) .
The DNA sequence was determined by the dideoxy chaintermination method (Sanger et af., 1977) using Sequenase version 2.0. The sequence was obtained by using subclones and primers T, and T,. From this sequence, primers were constructed to obtain a complete sequence on both strands.
Southern blot analysis was carried out using a non-radioactive DIG DNA labelling and detection kit (Boehringer Mannheim), according to the manufacturer's protocols. A 0.8 kb EcoRI fragment of the P. pastoris ZNOl gene was used as a probe and hybridization was done at 64 and 50 "C.
Growth experiments. A single colony from a freshly grown culture was inoculated into EMM and grown until it reached late exponential phase. Cells were harvested, washed twice with EMM-Ino and inoculated in EMM containing the desired supplements to an initial OD6,, -0.1. Cultures were incubated at 30 "C on a shaker and after regular intervals growth was monitored by measuring OD,,,. After chromatography spots were labelled with iodine vapours and the spots corresponding to the various phospholipids were cut out very carefully. Quantitative estimation of phospholipids was done according to Wagner's protocol (Wagner et al., 1962) .
RESULTS AND DISCUSSION
Cloning and analysis of a gene that confers inositol prototrophy to Sch. pornbe
As of the plasmids and restriction mapping showed that there were three different plasmids that could confer inositol prototrophy. However, a11 three plasmids contained overlapping regions as seen from restriction mapping, suggesting the presence of a common gene in all the plasmids. O n e of these clones, with an insert of approximately 6 kb, was picked up for further study.
Subclones were constructed in the Sch. pombe vectors pSPl and pSP2 (Cottarel et al., 1993) , making use of the available restriction sites, and checked for comp le me n t a t i o t i o 11 m in i m a 1 med i 11 m containing in 0s it ol (Fig. 1) . T h e smallest complementation fragment was a 2.2 kb BamHI-Sal I fragment (Fig. 2) . show in Southern blotting, confirmation o f the absence of the gene will only be possible after completion of the Sch. pombe genome sequencing project.
Effect of IN01 overexpression in Sch. pornbe
T h e apparent absence o f the ZNOl gene in Sch. pornbe made us look for possible reasons for this absence. Such questions are difficult to address experimentally. However, we considered the possibility that the fine regulatory control that existed for the ZNOl gene in Sac-. cereuisiae, for some reason, did not evolve in Sch. pombe. I n such a situation ZNOl gene expression would be deleterious for the cells under some conditions. To test this possibility we decided to overexpress the P.
pastoris ZNOI gene in Sc-h. pombe and examine the subsequent phenotypes.
T h e P. pastvris I N 0 1 gene was cloned downstream of the strong, thiamine-repressible Sch. pomhe nrntl+ promoter (Maundrell, 1990) . T h e resulting plasmid was transformed into Sch. pombe. I n the presence o f thiamine, Sch. pornbe cells containing this plasmid failed to synthesize inositol-1 -phosphate synthase and inositol was required extraneously for growth. In the absence of thiamine, however, Sch. pombe cells containing p n m t -I N 0 1 grew on minimal medium lacking inositol (EMM -Ino) (Fig. 3) . Overexpression of the ZNOl gene in Sac. cereuisiae leads to overproduction of inositol and thus excretion of inositol in the medium (Greenberg et al., 1982) . In Sch. pombe cells, when the ZNOl gene was overexpressed, we also checked whether the cells excreted inositol. Inositol excretion was observed in cells containing pnmt-IN0 1 under derepressing conditions, reflecting an excess of inositol within the cell (Fig. 4) . These cells were examined for differences in morphology but no differences could be detected (data not shown).
We also examined growth of Sch. pombe containing pnmt-IN01 at different growth temperatures (22, 30 and 37 "C), but we did not observe any effects on ZNOl overexpression (data not shown). Sch. pombe (Kippert, 1997) . Inositol monophosphatase is sensitive to lithium (Hallcher & Sherman, 1980 Fernandez et al. (1986 (such as excretion) to cope with internal disturbances of inositol homeostasis.
Phytic acid as a source of inositol for Sch. pombe
T h e n'itural environment of Sch. pombe is fruit juices and syrups (Phaff & Macmillan, 1978) . These contain a significant amount of phytic acid (inositol hexaphosphate). We therefore decided to examine if Sch. pombe might be able to utilize phytic acid as a source of inositol and whether this might be one of the possible reasons for its evolution as an inositol auxotroph. T h e utilization of phytic acid ~v o u l d require the secretion of a phosphatase that could release inositol from phytic acid. Sch. pombe, like Sac. cerezmzae is able to secrete acid phosphatases (Dibenedetto, 1972; Boer & Steyn-Parve, 1966) . Furthermore, the active site region of acid phosphatases of Sac. cerezjisiae and Sch. pombe shows significant homology to that of phytases (Wodzinski & Ullah, 1996) . high phosphate conditions. Only at low pH and low phosphate conditions was Sch. pombe able to utilize phytic acid as a source of inositol (Fig. 5 ) . Sac. cerevisiae inolA could not utilize phytic acid as a source of inositol under these conditions, although it could under higher p H conditions (data not shown). This could be one of the possible reasons for the differences in the behaviour of the two yeasts and for the evolution of Sch. pombe as an inositol auxotroph. However, elucidation of this will require more investigation. We have attempted in this report to reinvestigate an unusual phenotype, natural inositol auxotrophy, observed in wild-type Schizosaccharomyces spp. but not seen in the majority of other yeasts or even higher eukaryotic systems. With the release of complete genome sequences of a large number of organisms, molecular explanations need to be sought for evolutionary reasons for difference in behaviour. We hope that the analysis we have presented in this report will greatly stimulate analyses i n these directions.
